Introduction
Cyclopentadienyl based organolanthanide complexes have been used as catalysts for a wide range of processes, including hydrogenations, polymerisations and H-X transformations such as hydrosilation. 1 Group 3 and lanthanide metals have also been used with a range of ligands to catalyse a variety of polymerisation processes. 2 In an attempt to extend and control this reactivity, recent research efforts have been directed towards substitution of the cyclopentadienyl ligands in the metallocene set-up by other anionic ligand systems. 3 Careful ligand design is mainly a question of providing the right steric environment about the metal center. Ideally, a ligand system must provide enough steric bulk to prevent solvent ligation, complex dimerisation and ligand redistribution, but not so much as to shut down the catalytic reactivity. Solvent ligation is particularly troublesome in the synthesis of polymerisation catalysts as the solvent prevents monomer coordination, which is a crucial step in many metal catalysed polymerisations.
The lanthanides and group three metals have hard M 3+ ions so are well suited to dianionic chelating nitrogen and oxygen containing ligands such as those shown in Fig. 1 . The design of these ligands allows flexibility in the type of nitrogen donor; amine, imine and pyridyl, and also in steric demand, especially the substituents on the aryl rings. Due to the lanthanide contraction the size of the metal ions decreases across the period. Although the change in size is small between consecutive lanthanide ions, 4 it can cause substantial differences in reactivity. [5] [6] [7] [8] [9] Therefore, the additional variable of ion size should be considered when designing libraries of lanthanide complexes. In addition to this, the paramagnetic nature of many of the Ln 3+ ions renders them unsuitable for NMR studies and, therefore, they have been studied to a lesser extent than their diamagnetic counterparts in catalysis.
There is a growing interest in the controlled polymerisation of cyclic esters as these yield biodegradable, biocompatible polymers. 10 Polycaprolactone has been used in biomedicine as surgical sutures and as a delivery medium for the controlled release of drugs. Various species including metal alkoxide complexes and metal alkyls such as alkyl aluminium, alkyl tin and alkyl lanthanides have been used as initiators for the ring opening polymerisation of -caprolactone. 8, Only some of these complexes, however, are able to initiate the polymerisation in a living fashion. Broadening of the molecular weight distribution is frequently a result of competing transesterification reactions or rapid backbiting degradation of the growing polycaprolactone chains that results in ring-chain equilibrium systems. 37 Initiators closely related to those reported here have been reported during the course of this work. 23, [47] [48] [49] Although in their infancy, high-throughput methods are finding increasing use in the discovery of new transition metal based catalysts. [50] [51] [52] In particular, high-throughput methods have recently been used to discover a range of olefin polymerisation catalysts. [53] [54] [55] [56] [57] While these methods have been used in the evaluation of lanthanide catalysts, 58 their use has not flourished in contrast to their utility in organotransition metal chemistry. This may be due to the perception that lanthanide based catalysts are less robust and more reactive than their transition metal counterparts. 
High-throughput procedure for metal complexation
Initiators were prepared in a carousel reactor (Radleys) using similar methods to those described above. The reaction vessels containing the ligands and stir bars were taken into the glove box and lanthanide amide, Fig. 1 A-H, added to each. Dry hexane was cooled to 0 °C and added under nitrogen via cannula to each carousel tube. After stirring overnight, the solvent was removed under vacuum and to each solid was added a known amount of dry toluene to give a stock initiator solution. Reactions were assumed to yield the lanthanide complexes cleanly in 100% yield when calculating quantities of initiator used in polymerisation screenings, even though test reactions afforded yields of only 59-91%.
Polymerisation
Polymerisation reactions were carried out in a 24-vessel carousel reactor (Radleys) in a glove box. 0.0118 mmol of the appropriate initiator (from the stock solution) was added to each reaction vessel with a further 2 mL dry toluene. While stirring, 1.18 mmol (100 mol%) -caprolactone was added to each vessel. After 1 h, the reactions were quenched. Solvents were removed under vacuum. All residues were analysed using 1 H NMR spectroscopy. Analysis of solids was carried out using gel permeation chromatography. Attempted 'activation' with benzyl alcohol. In a glove box, initiators which did not yield polymer initially (e.g. those utilising L 17 -L 21 ) were added to carousel tubes. Using a micro-syringe, distilled, degassed benzyl alcohol (2 L), was added to each carousel tube, followed by caprolactone. The mixtures were stirred at room temperature for 4 h then the solvent was removed under vacuum. 1 H NMR spectra of the residues indicated that no polymer had formed.
Block copolymerisation. To a solution of GdL 9 [N(SiMe 3 ) 2 ] (0.09 g, 0.1 mmol) in 2 mL toluene was added -caprolactone (0.23 g, 2.0 mmol). The mixture was stirred for 1 h and an aliquot removed for 1 H NMR analysis. 100% monomer consumption was evident. An additional 2 mL toluene was added to the gelatinous mixture, followed by -valerolactone (0.20 g, 2.0 mmol). After an additional 1 h stirring, an aliquot was removed for 1 H NMR analysis. Again, 100% monomer consumption was evident. The solvent was removed under vacuum to give a colorless solid, poly(-caprolactone-co--valerolactone), with a film-like appearance.
We report here new initiators for controlled ring-opening polymerisation of caprolactone using lanthanides supported by [ONNO] 2− ancillary ligands. We have used simple synthetic and screening methods that could be applied to other lanthanide polymerisation catalysts/initiators.
Experimental General considerations
All manipulations were performed under an atmosphere of dry oxygen-free nitrogen or argon by means of standard Schlenk or glovebox techniques. Analytical grade hexane and THF were purchased from Fisher and dried by passage through a tower of silica and degassed by passage through a tower of Q-5 catalyst under positive pressure of nitrogen. Anhydrous diethyl ether and toluene were distilled from sodium benzophenone ketyl under argon. Deuterated benzene and toluene were dried by refluxing with molten sodium or potassium metal and deuterated chloroform was dried over CaH 2 . The deuterated solvents were then trap-to-trap distilled, and freeze-pump-thaw degassed three times. 2 were prepared from their corresponding secondary amines by reaction with BuLi in dry diethyl ether. Caprolactone was dried over molecular sieves and freeze-pump-thaw degassed three times prior to use. Ligands were stored in a desiccator over anhydrous CaCl 2 prior to use.
Characterisation
NMR spectra were recorded on a Jeol EX 270 instrument, a Bruker AMX-300 instrument or a Bruker AMX-500 instrument. 1 H NMR spectra were referenced to residual protons in the deuterated solvent and 13 C NMR spectra to the 13 C atoms therein. Elemental analyses were performed by Elemental Microanalysis Ltd., Devon. Mass spectra were recorded on a Fisons Instruments VG Analytical Autospec Mass Spectrometer. GPC analyses were performed by Rapra Technology Ltd., Shrewsbury, UK. The GPC system was calibrated with narrow distribution polystyrene calibrants obtained from Polymer Laboratories Ltd. The results are therefore expressed as for polystyrene and are summarised as the calculated molecular weight averages and polydispersity. GPC samples were prepared by adding 10 ml of chloroform to 20 mg of samples. The samples were then left to stand for at least 4 h to dissolve. The solutions were mixed thoroughly and filtered through a 0.2 micron polyamide membrane into sample vials, which were placed in an autosampler. PLgel guard plus 2 × mixed bed-B (30 cm, 10 microns) columns were used at a nominal flow-rate of 1.0 mL min −1 . Analyses were made at 30 °C using a refractive index detector.
Ligand syntheses
A range of tetradentate nitrogen and oxygen donor ligands, L 1-21 , were prepared using previously reported procedures, 59 ,62 on a 2.5 mmol scale in a carousel reactor (Radleys, UK), Tables 1 and 2 . The resulting white solids were isolated in 68-83% yield and were characterised by 1 H NMR spectroscopy. In addition to this, selected ligands were also characterised by 13 View Article Online
X-ray crystallography
Single crystals of 1 suitable for X-ray diffraction were grown from a saturated methanol solution, while 2 were obtained from slow evaporation of a toluene solution in a glove box. Diffraction data were collected at 110 K and 115 K, respectively, on a Bruker Smart Apex diffractometer with Mo-K  radiation ( = 0.71073 Å) using a SMART CCD camera. Diffractometer control, data collection and initial unit cell determination was performed using SMART.
63
Frame integration and unit-cell refinement software was carried out with SAINT+. 64 Absorption corrections were applied by SADABS. 65 Structures were solved by direct methods (SHELXS-97) 66 and refined by full-matrix least squares based on |F| 2 using SHELXL-97. 67 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed using a "riding model" and included in the refinement at calculated positions. In 2, there is significant disorder in the position of one of the tert-pentyl groups (C28-C32). This could not be resolved using two possible positions for the ethyl terminal carbon and two rotations of the two methyl and CH 2 groups. Therefore, this tert-pentyl group is modelled in a single position with the methyl groups isotropic. There is also a disordered toluene of crystallization modelled as the superposition of two orientations.
CCDC reference numbers 238099 and 238100. See http://www.rsc.org/suppdata/dt/b4/b406841f/ for crystallographic data in CIF or other electronic format.
Results and discussion

Initiator libraries
Ligands were prepared in a parallel fashion to give a library of ligands on a 2.5 mmol scale from readily available starting materials via simple condensation reactions. The substituents on the phenol were varied in order to examine the effects of bulkier (e.g. tertpentyl, tert-butyl) and less bulky (e.g. methyl, hydrogen) groups. The type of nitrogen donor was varied (secondary amine, tertiary amine, imine and pyridine) and the structure of the ligand was changed by adjusting the chain length between the nitrogens. Ligands were isolated as white or yellow solids. The novel tert-pentyl substituted ligand L 12 (1) was crystallised from a saturated methanol solution. The molecular structure, Fig. 2 , shows no intermolecular H-bonding and the bond lengths and angles about each atom are unexceptional. 
Scheme 1
Several routes are available for the synthesis of lanthanide complexes, including transamination, alkane elimination and salt metathesis. 1 Routes used for in situ catalyst screening should be clean, high yielding and involve the minimum amount of work up. The advantages of transamination over the traditional salt metathesis route include reactions in non-coordinating solvents, easy product purification and near quantitative yields. Due to the steric bulk of the bis(trimethylsilyl)amido ligand incomplete ligand exchange reactions with other bulky ligands may occur. The extended silylamide route offers a suitable alternative, 9 ,68 albeit at a greater financial cost.
To test the transamination reaction, Scheme 1, as a potential route to the desired lanthanide complexes, the reaction of [Y(N{SiMe 3 } 2 ) 3 ] with protonated ligands was performed in a Schlenk flask. After removal of solvent the product was washed with cold pentane.
1 H NMR analysis of the product exhibited no resonances characteristic of [Y(N{SiMe 3 } 2 ) 3 ] and the high frequency resonance, between 9.5 and 14.0 ppm, indicative of the phenolic protons in the ligand was also absent. The chemical shifts of the ligand and remaining N(SiMe 3 ) 2 group indicated complex formation. YL 2 N(SiMe 3 ) 2 was studied using variable temperature NMR and showed that the resulting complex is fluxional and may display geometric isomerisation. At 215 K, the pendant amine is bound to the metal center and two different CH 2 environments can be seen for this arm of the ligand. However, coupling constants were unobtainable, possibly due to rapid ring inversion of the chelate ring, and the solution structure of the complex remains uncertain. Recently, transamination reactions have been successfully employed by Carpentier and co-workers to prepare a series of monomeric lanthanum and yttrium complexes of relevance to this work. 23, 48 Transamination was therefore applied in the preparation of the first library of initiators, Table 4 . A carousel reactor was used to prepare up to twelve complexes simultaneously. Metal tris-amides were added in the glove box to the reaction vessels containing the ligands, Scheme 1. After removal of the solvent the products were not washed, as this was deemed unnecessary for initial screening of the complexes. They were stored in toluene in the glove box until required. It is essential that the lanthanide tris-amide reagents are isolated and are not made in situ, as the residual lithium chloride undergoes further metathesis reactions with the aminophenoxide metal complexes to give chloride containing species. Crystals from such a reaction mixture were grown by slow evaporation of a toluene solution in a glove box. A single crystal X-ray analysis of 2 showed it to be a centrosymmetric dimeric complex, Fig. 3 and Fig. 4 . The geometry at each gadolinium center is best described as distorted capped trigonal prismatic. The gadolinium coordination distances are unexceptional. These complexes are inactive in the polymerisation of caprolactone on the timescale used. †
Polymerisation screening
The polymerisation reactions were carried out in a 24-vessel carousel reactor in a glove box under a nitrogen atmosphere. Each initiator was dissolved in toluene and stirred with 100 equiv. of -caprolactone. After 1 h the reactions were quenched and the solvent removed under vacuum. The resulting products were screened by their appearance and 1 H NMR spectroscopy. It was assumed that if the tubes contained a solid that a polymer had formed and if it remained as a liquid only starting monomer was present. Control reactions were also performed using protonated ligand, lanthanide tris-amides, hexamethyldisilazane, Li[N(SiMe 3 ) 2 ] and LnCl 3 (THF) n . These confirmed that any reagents used in the syntheses of our complexes were themselves inactive in the polymerisation. In addition to these negative control reactions, a positive control reaction using anhydrous HCl in diethyl ether (1.0 M) was employed. This gave a polydisperse high molecular weight polymer product. Reactions were duplicated to ascertain the effect of any adventitious water. As † [YL 9 (-Cl)] 2 polymerizes 100 equivalents of -caprolactone over 48 h. There is no evidence for polymerization after 1 h. View Article Online with many lanthanide catalysts/initiators, precautions must be taken to prevent contamination with water, which significantly inhibits reactivity.
The contents of all tubes were analysed by 1 H NMR spectroscopy. Many papers have been published which discuss the NMR spectra of polycaprolactone and its co-polymers. 33 The monomer and polymer have different spectra, the polymer CH 2 -O protons are 0.5 ppm higher in frequency than in the monomer. In addition to this, their coupling constants J HH ~ 7 Hz in the polymer and J HH ~ 4 Hz in the monomer provide further confirmation of polymerisation activity. In some cases, it appeared as if no polymer had formed, however, a small amount of polymer had formed and was dissolved in the residual monomer. Therefore, 1 H NMR data provides a more accurate screen for these processes than visual inspection of the reaction tubes for solid polymer residues.
Inferences from initial screening
Upon removal of the solvent, a gel or solid was observed for seven out of the seventeen combinations in library 1 (Table 4 ). This library varied the amine-phenoxide ligand and its steric demand whilst keeping the metal reagent, Y(N{SiMe 3 } 2 ) 3 , constant, entries 1-12. It also varied the metal center whilst keeping the ligand, L 1 , constant, entries 13-17. It became apparent that this type of initiator is only active when the phenoxides are di-substituted with alkyl groups as shown in Scheme 1. If there is no substituent in the 2-position of the aromatic ring, the complexes are inactive. Sterically demanding groups on the aromatic rings are essential, presumably to prevent metal complex dimerisation and to protect the active site and prevent termination reactions. In addition to the steric demands of the ligand, the type of nitrogen donor was also shown to have a significant effect on the polymerisation activity. If the ligand contains a secondary amine only low conversions (10-30%) were achieved, even when R = tert-Pe, possibly due to competing N-H activation processes. Low activity was also observed for these ligands when they contained pendant pyridyl donors, possibly due to strong donation of this group to the metal center.
Variation in the central ion size results in substantial differences in activity. YL 1 (N{SiMe 2 H} 2 ) and SmL 1 (N{SiMe 3 } 2 ) give 100% conversion of monomer to polymer, 4 The larger ion sizes of Pr and La may allow easier termination, competitive cyclisation reactions, dimerisation of metal containing species or site blockage through irreversible coordination of the caprolactone monomer.
Polymerisations were then attempted using Schiff base ligands, Table 5 . Library 2 varied the metal center and kept the ligand constant. However, despite using the bulkiest of the ligands prepared, none of the combinations provided an active initiator. At the same time, library 3 was screened, which varied the ligand and kept the metal center constant. Lanthanum and ytterbium were chosen as they are the largest and smallest lanthanides, respectively. This also contained no active species. In both libraries, reaction with benzyl alcohol yielded lanthanide benzyloxy containing species, but these were also inactive.
Inferences from secondary screening
Library 4 and Library 5, Tables 6 and 7 , were used to confirm the effect of ion size on polymerisation activity, and also the crucial importance of the tert-pentyl groups in facilitating high activities. It can be concluded that Gd and Sm (and possibly Eu, as it is intermediate in size to Gd and Sm, but was not examined) with L 9 are the best combinations of ligand and lanthanide ion to afford moderately active initiators for the polymerisation of -caprolactone. These contain a pendant amine. However, Gd with L 12 , which contains both amines in the backbone of the ligand, gives the narrowest polydispersity but at a lower conversion. This is probably due to the fact The activities of our initiators are comparable with other polymerisation initiators containing sterically demanding ligands. 30 As expected, the activities of species discovered in this work are considerably less than simple yttrium alkoxides formed in situ from Y(N{SiMe 3 } 2 ) 3 . 13 However, control of stereochemistry in the polymerisation of other lactones would not be possible with such systems and additional ancillary ligands, possibly related to those described herein, would be necessary.
Polymer characterisation
The average molecular weights of the polycaprolactone varies from 5,000 to 79,000 (Table 8 , Fig. 5 ). Narrow unimodal molecular weight distributions ranging from 1.1 to 2.1 suggest that the reactions are controlled and imply that only one active species is present. Our initiators probably have a monomeric structure, as related yttrium and lanthanum complexes have recently been structurally characterised. 23, 48 The M w /M n values are somewhat higher than those for a living polymerisation and suggest that transesterification takes place to a small extent. However, copolymerisations of -caprolactone with -valerolactone were successful. End group analysis of the resulting polymers and co-polymers was inconclusive, as N(SiMe 3 ) 2 resonances were not always detectable. Using one of the most active initiators discovered in this work, 6 ) and provides further evidence for controlled polymerisations. In the most active systems containing L 9-16 , sterically demanding tert-pentyl or tert-butyl groups protect the active site and prevent termination processes. At the same time there is limited access to the active site for the incoming monomer and this leads to lower conversions and lower molecular weight polymers. 
Conclusions
Parallel synthesis of lanthanide complexes offers a route to identifying the most promising metal-ligand combinations for a particular process. An initial screening of 45 lanthanide/group 3 derivatives, of the general form Ln(ONNO)N(SiMe 2 R) 2 where R = H or Me and Ln = Y, La, Pr, Sm, Gd or Yb, for caprolactone polymerisation activity highlighted several features worthy of further investigation. Ligands containing disubstituted tert-pentyl aryl rings afforded initiators capable of performing controlled polymerisation of -caprolactone. Much work remains to be done but this initial foray into high-throughput methods clearly demonstrates the use of this technique in lanthanide catalysis and also in the polymerisation of monomers other than olefins. This approach will be extended to lanthanide systems for other processes such as acrylate polymerisation and co-polymerisations. View Article Online
